Abstract: Surface modification of PMMA (polymethylmethacrylate) was carried out by irradiation of low energy ion, which is expected to improve the surface hardness by introduction of a thin modified layer. From these results, it was confirmed that surface hardness increased and cross-linking structure was introduced. In addition, introduction of bonds including nitrogen should be contributed to surface hardness improvement.
Introduction
Progress of the technology and the product adapting light is remarkable. As one of the leading technology and industries in the 21st century, it is expected that an optical field will develop further from now on. The transparent polymer material is observed as a material supporting the optoelectronics industry [1] . PMMA has especially some excellent properties such as high transparence, weather resistance and formability. However, its hardness is low. Therefore, the surface will get damage by use and transparency will be lost [2] . Thus, surface modification is effective to improve the property. Then, since the optical characteristic is not affected, surface modification thickness of 100nm or less is needed. We have studied about surface modification of polymer by using low energy ion irradiation, the high E/n (E: electric field, n: particle density) discharge and so on.
In this study, we performed surface modification of PMMA by ion irradiation [3] . This technique changes the chemical structure of the surface of polymer. Since sample is directly irradiated with ion, the modifying layer is excellent in adhesive property with bulk. Moreover, the properties of a modifying layer are controllable by conditions, such as kinetic energy of ion, the kind of an atom and molecule, the dose of irradiation. By the ion irradiation of low energy, the property modification in 100nm or less which does not affect the optical characteristic is possible. The chemical structure of PMMA is shown in Figure 1 . Side chains of the surface of polymer are cut off, and radicals are formed by irradiating ions to a sample. Cross-linking structure should be introduced by recombination between the radicals [4]. The surface hardness improvement of the polymer can be expected by introduction of cross-linking structure [5] [6]. However, since the technique of judging cross-linking structure directly is not acquired, introduction of cross-linking structure is not directly related to surface hardness improvement.
Then, the purpose of this study is to confirm the introduction of cross-linking structure related to the surface hardness improvement. From past research, surface hardness was improved by ion irradiation to PMMA as shown in Figure 2 . To confirm introduction of cross-linking structure, absorption spectrometry by using the dyeing method was performed. If cross-linking structure is introduced, the chemical resistance of sample will improve. Therefore, when a sample is dyed, invasion of a dyeing agent to modified sample is suppressed and it dyes thinly compared with untreated one. As a result, shown in Figure 3 , since infiltration of dyeing agents was suppressed, introduction of cross-linking structure was suggested. However, introduction of cross-linking structure cannot be shown clearly.
In this paper, to confirm introduction of cross-linking structure from another viewpoint, chemical structure analysis by FT-IR (Fourier transform infrared spectromet) and chemical composition analysis by XPS (X-ray photoelectron spectroscopy) are performed. When using FT-IR, since a modifying layer is very thin, a reflection method (ATR method) is used. Moreover, its attention is paid to spectrum change of C-C bond which mainly contributes to cross-linking structure. And contribution of the nitrogen component bond by nitrogen ion irradiation is also verified. Figure 4 shows the ion irradiation system. With the electrode wound around the circumference of the chamber, the capacitive coupling type radio frequency plasma of 13.56 MHz is generated. By this method, since it is the nonpolar discharge which does not have an electrode into a plasma chamber, impurities of the electrical discharge space are few. A rotary pump and turbo molecular pump are used in order to exhaust below 1.3×10 -4 Pa. Atmosphere gas as N 2 (purity 99.999 %) was used and processing atmospheric pressure was set at constant 1.3×10 -2 Pa. Injected power was set to 25 W and PMMA (thickness0.2nm) is used for sample. Ion accelerating voltage was varied from 500 V to 1000 V. Exposure dose was varied from 1.0×10
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19 m -2 to 1.0×10 21 m -2 . In order to investigate the effects of the ion on the hardness of the sample, the nanoindentation method was used. And to confirm cross-linking structure introduction, chemical structure analysis by FT-IR and chemical composition analysis by XPS were used.
Results and discussion 3.1 Surface hardness measurement
The dependence of surface hardness on the acceleration voltage when dose is 1.0×10 21 m -2 is shown in Figure 5 . In addition, a magnitude of surface hardness is calculated by using 16 points which are subtracted the maximum and minimum from 18 measured points, and the error bar shows a root-mean-square deviation.
Surface hardness has improved by about 1.8 times compared with untreatment one when the acceleration voltage was 500V. When acceleration voltage was 700V similarly, it improved by about 1.8 times, and when acceleration voltage was 1000V, it improved about 2.7 times. The surface hardness improved with the increase of the acceleration voltage. If accelerating voltage is changed, the thickness of a modifying layer will change. It is expected that projected range which is approximately equal to the thickness of a modifying layer has contributed to surface hardness improvement. Now the thickness of modified layer in acceleration voltage 500-1000V is 3.5-5.6nm from a calculation of projected range. In the next section, confirmation of cross-linking structure considered to be a factor of the surface hardness improvement is performed using FT-IR.
FT-IR measurement
The dependence of IR spectrum on the acceleration voltage when dose is 1.0×10 21 m -2 is shown in Figure 6 . For the untreatment spectrum, C=O (1720 cm -1 ), C-H (2999-2900, 1450-1350, 810, 750 cm -1 ), and C-O (1270-990 cm -1 ) which are considered from the chemical structure of untreatment were confirmed, respectively. If cross-linking structure is introduced, since cross-linking structure is radicals recombination generated by cutting of a side chain, the intensity of spectrum by C-C bonds would increase. For the modified sample, change of the spectrum which contributes to C-C (1692-1667, 1661-1639, 1048-1000, 750-720 cm -1 ) were detected. In order to confirm change of spectrum still more finely, the range of a horizontal axis is shown in Figure 7 as 2000-600 cm -1 . As a result, it is confirmed that the spectrum which contributes to C-C bonds are increased clearly compared with untreatment one. Thus, the density of C-C bonds increased by ion irradiation, and it was expected that cross-linking structure was introduced.
When change of spectrum in Figure 6 was seen again, N-H (3500-3300, 2800-2000 cm -1 ), C≡N (2240-2215 cm -1 ), and N=C=N (2150-2100 cm -1 ) which are considered from the nitrogen component bond were confirmed, respectively. Therefore, in addition to introduction of cross-linking structure, contribution of nitrogen component bonds can be considered. Then, XPS was used in order to confirm contribution of nitrogen component bonds.
XPS measurement
The dependence of spectrum change of XPS on the dose when acceleration voltage is 1000V is shown in Figure 8 . As a result, the modified sample introduced nitrogen by irradiation of N 2 ion. And the intensity of nitrogen increased with the increase of the dose. The atomic percentage of this result is shown in Table 1 . As a result, the atomic percentage of oxygen decreased depending on dose. The atomic percentage of nitrogen increased simultaneously depending on dose. Therefore, it is deduced that ion irradiation cuts side chains such as oxygen, and nitrogen was introduced.
Then, contribution of the nitrogen introduction to the surface hardness improvement is verified. The surface hardness value over the atomic percentage of nitrogen is shown in Figure 9 . As a result, the surface hardness value increased with the increase in the atomic percentage of nitrogen. Thus, It was confirmed that introduction of nitrogen has contributed to the surface hardness improvement.
Summary
The purpose of this report is to confirm introduction of the cross-linking structure in the surface hardness improvement. Therefore, the surface analysis was performed using PMMA which is irradiated by low energy ion.
As a result, the surface hardness improved with the increase of the acceleration voltage. It is expected that projected range which is approximately equal to the thickness of a modifying layer has contributed to surface hardness improvement. By the result of FT-IR analysis, it was confirmed that the spectrum which contributes to C-C bonds are increased clearly compared with untreatment one. Thus, the density of C-C bonds increased by ion irradiation, and it was expected that cross-linking structure was introduced. Simultaneously, introduction of nitrogen component bond was also confirmed. By the result of XPS analysis, the magnitude of surface hardness increased with the increase in the atomic percentage of nitrogen.
From the above results, it was confirmed that the introduction of cross-linking structure and the introduction of nitrogen component bond by low energy ion irradiation have contributed to the surface hardness improvement.
